ABSTRACT Hartigiola faggalli (Monzen), a cecidomyiid species that induces leaf galls on Fagus crenata Blume (Fagales: Fagaceae), was studied to assess the degree of sexual isolation between known intraspeciÞc populations derived from two different gall types. "Upper-type galls" form on the lateral veins of upper leaf surfaces, whereas "lower-type galls" develop between the lateral veins of lower leaf surfaces. The two populations were distinguished based on slight differences in their DNA sequences. They coexisted in F. crenata forests. Emergence, swarming, mating, and oviposition occurred sequentially each day and almost simultaneously in both populations. Thus, they were not isolated from each other in time or space. However, 85% of 134 swarming males ßew to females of the same population when responding to female sex pheromone. About 92% of 251 mating pairs were homogenic, and I PSI indicated a signiÞcantly homogenic mating. The female sex pheromone and male sensitivity to the pheromone seemed to differ between the two populations. After mating, females of each population oviposited their eggs only on either the upper or lower surfaces of fresh leaves. The strongly assortative mating combined with differences in pheromones and gall morphology indicates that the two populations are almost completely reproductively isolated and that they have diversiÞed into the stage of sibling species.
Insect galls are morphologically quite diverse, and their shape and structure are species-speciÞc in most cases. Various phylogenetic and evolutionary studies have demonstrated that gall shape and structure are "extended phenotypes" of gall-inducing insects (e.g., Fukatsu et al. 1994 , Stern 1995 , Stone and Cook 1998 , Nyman et al. 2000 . Nevertheless, intraspeciÞc gall polymorphism in species using a single host plant has been noted in some gall-inducing insects and this differs from the intraspeciÞc variation in gall morphology found in species with host races that use different host plants (e.g., Craig et al. 1993 , Tabuchi and Amano 2003 , Price 2005 , Cook et al. 2011 . In gall midges (Diptera: Cecidomyiidae), gall polymorphism on a single host plant has been observed for the following species: Hartigiola faggalli (Monzen) (Sato and Yukawa 2004) , Izeniola obesula Dorchin (Dorchin and Freidberg 2004) , Masakimyia pustulae Yukawa and Sunose (Sunose 1985) , Mikiola fagi (Hartig) (Coutin and Riom 1967) , Pseudasphondylia elaeocarpi Tokuda and Yukawa , Pseudasphondylia neolitseae Yukawa (Mishima and Yukawa 2007) , Rhopalomyia longitubifex (Shinji) (Ganaha et al. 2007) , and Taxomyia taxi (Inchbald) (Redfern 1975) .
Gall polymorphism is useful in investigating the role of gall shape diversiÞcation in the process of gall midge speciation (Mishima and Yukawa 2007) . H. faggalli is a monophagous and univoltine leaf galler and an excellent model organism to study the reproductive isolating mechanisms that allow the coexistence of two intraspeciÞc populations that induce different gall morphologies on the Japanese beech, Fagus crenata Blume (Fagales: Fagaceae). Testing hypotheses on the nature of reproductive isolation between these populations is facilitated by previous studies on behavior, ecology, distribution, and molecular genetic variation in this species (Takizawa 1983 (Takizawa , 2004 Yukawa and Masuda 1996; Sato and Yukawa 2004; Sato et al. 2010) . The gall of H. faggalli is monothalamous, containing one cecidomyiid larva (e.g., Masuda 1996, Sato and . The gall is a smooth, brown or blackish brown, and bivalve-shaped swelling on the upper or lower surfaces of the leaf blade, with a height of 1.0 Ð2.7 mm and a maximum width of 1.0 Ð2.4 mm (Fig. 1a and b) . Galls that are induced on the upper leaf surface usually stand on lateral veins or rarely on the midrib (hereafter uppertype gall), whereas those on the lower surface lie between the lateral veins (hereafter lower-type gall). The two morphotypes frequently coexist on the same leaf blade (Sato and Yukawa 2004) . Takizawa (1983) found that eggs deposited on the upper surfaces were orange, whereas those on lower surfaces were white in color, but no clear morphological differences between the two intraspeciÞc populations were found in the adult, pupal, and larval stages (Sato and Yukawa 2004) . Using 19 specimens collected from several host trees in Morioka City, Iwate Prefecture, Japan, Sato and Yukawa (2004) demonstrated the presence of two distinct clades (individuals derived from upper-type galls and those from lower-type galls) in an NJ tree based on a partial mitochondrial cytochrome c oxidase subunit I (COI) region. The former clade consisted of three haplotypes, whereas the latter consisted of only one haplotype. These clades were supported by high bootstrap values, although the genetic difference between the two clades was low. Takizawa (2005) observed that females emerging from upper and lower gall types laid eggs on upper or lower surfaces of the leaf blade, respectively, and that the emergence periods started and reached a peak more or less simultaneously. These observations suggest the existence of two genetically differentiated populations of H. faggalli.
In Cecidomyiidae, sibling species have been recognized with morphological similarity (e.g., Jaschhof and Jaschhof 2009 , biochemical characterization (e.g., Makni et al. 2000) , and molecular data (e.g., Grego et al. 1990 , Windenfalk et al. 2002 , Khemakhem et al. 2005 . Based on mating experiments, Cook et al. (2011) reported that populations of Dasineura oxycoccana (Johnson) from cranberry Vaccinium macrocarpon Aiton (Ericaceae) and highbush blueberry Vaccinium carymbosum L. were reproductively isolated. However, the degree of sexual isolation between sibling species in Cecidomyiidae has never been investigated using I PSI estimator (Rolán-Alvarez and Caballero 2000) together with intensive Þeld data of ecological and behavioral traits. The I PSI estimator is an effective index to estimate the degree of sexual isolation between two populations as it has been used for various insects, such as Rhagoletis spp. (Diptera: Tephritidae) (Schwarz and McPheron 2007) , Henosepilachna diekei (Coleoptera: Coccinellidae) (Matsubayashi et al. 2011) , and Drosophila spp. (Diptera: Drosophilidae) (e.g., Coyne et al. 2005, Anderson and Kim 2006) .
On the basis of behavioral, ecological, and molecular data, we: 1) assessed genetic differences between the two populations using additional specimens collected from various localities in Japan; 2) determined geographical and spatial distribution patterns of the two populations; 3) examined whether the populations are temporally isolated from each other in emergence, swarming, mating, and oviposition; 4) investigated if swarming males are attracted only to females of the same population; 5) analyzed if the two populations assortatively mate; and 6) discussed possible diversiÞcation of the intraspeciÞc populations into sibling species accompanied with the development of gall dimorphism.
Materials and Methods
Gall Midges of the Genus Hartigiola and H. faggalli. The genus Hartigiola contains two species, Hartigiola annulipes (Hartig, 1839) on Fagus sylvatica L., which is found in Turkey and is widespread in Europe, and H. faggalli on F. crenata in Japan (Gagné 2010) . The former induces cylindrical and hairy galls only on the upper surface of host leaves (e.g., Barnes 1951) , whereas the latter induces galls both on upper and lower leaf surfaces. Our preliminary DNA analysis indicates that there are 52Ð58 bp differences among 438 bp in the COI region between H. annulipes and H. faggalli.
H. faggalli is univoltine (Fig. 2 ) and the adults emerge from late April to mid-May (Takizawa 1983, Sato and along lateral veins on the upper leaf surface or between lateral veins on the under leaf surface. The egg stage lasts for Ϸ4 d, and Þrst instars settle where they hatched. Galls become conspicuous in June and larvae mature in the galls in October. Galls then drop to the ground while still attached to the leaf blade. Mature larvae overwinter in the galls on the ground, and pupate in the galls from late March to mid-April. The pupal stage lasts for Ϸ4 wk.
The Host Plant, F. crenata. F. crenata is a deciduous tree belonging to the subgenus Fagus (Kato et al. 2000) . It is common in the cool temperate zone of Japan, being distributed discontinuously from Hokkaido (the lowland of Kuromatunai) to Kyushu (Mt. Takakuma, Kagoshima Prefecture; Horikawa 1972).
Fagus japonica Maximowicz, which is another endemic species in Japan, is used by at least eight cecidomyiid species, but H. faggalli does not use this plant for gall induction (Yukawa and Masuda 1996) .
Collection and Preservation of Specimens. Both galled and ungalled leaves of F. crenata and larvae, pupae, and adults of H. faggalli were collected from various localities on different occasions for research purposes as follows: 1) from 1970 to 1999 and in 2008, galled and ungalled leaves were randomly collected from F. crenata trees or forest ßoors at 25 localities in Japan (Supp Material 1 [online only]; Fig. 3 ) to examine the gall density of each gall type on the host leaves. To examine the degree of spatial association (ϭ the degree of overlapping in spatial distribution) be- (Table 1 ; Fig. 3 ) for DNA analysis. Pupae or full-grown larvae of H. faggalli were taken out of the galls and kept in 99% acetone or ethanol. 4) During the emergence season (April) in 2007Ð2009, adults of H. faggalli were caught directly with an aspirator during Þeld observations in the main census Þeld. These specimens were kept in 99% acetone or ethanol for DNA analysis to determine the genetic derivation of adults from the two different gall types.
Gall Density and the Degree of Spatial Association. The number of galls was recorded for each gall type on all leaves collected from the 25 localities. Gall density was expressed as the number of galls per 100 leaves. Relative abundance of the two gall-type populations was calculated based on the gall density. To examine if the two gall types exhibit a sympatric distribution, the degree of spatial and geographical association between the two gall types was analyzed using the following equation and index (Iwao 1977) :
Xxj: the number of upper-type galls on leaf-j. Xyj: the number of lower-type galls on leaf-j. ␥ ϭ 1: the two gall types are completely overlapping. ␥ ϭ 0: the two gall types are completely separated. DNA Sequencing. Total DNA was extracted from larvae, pupae, and adults of H. faggalli using DNeasy tissue kit (Qiagen, Tokyo, Japan) according to the manufacturerÕs instructions. To determine the gall-speciÞc differentiation observed in Sato and Yukawa (2004) , a partial region of COI gene of mtDNA was ampliÞed and sequenced using primers COI S (5Ј-GGATCACCT-GATATAGCATTCCC-3Ј) and COI A (5Ј-CCCGGTA-AAATTAAAATATAAACTTC-3Ј).
We identiÞed the gall types of all adults collected from the census Þeld using 430 bp of the region including internal transcribed spacer 2 and a part of the 28S ribosomal RNA gene (ITS2, hereafter) of nuclear DNA, because nuclear ITS is a suitable codominant marker to detect minor differences between closely related strains (Fritz et al. 1994) . ITS2 region was ampliÞed and sequenced using primers ITS2-F (5Ј-TGTGAACT-GCAGGACACAT-3Ј) and ITS2-R (5Ј-TATGCTTA-AATTCAGGGGGT-3Ј).
All polymerase chain reactions were performed using KOD-plus polymerase (Toyobo, Osaka, Japan). AmpliÞed products were puriÞed using ExoSAP-IT (USB Corp, Cleveland, Ohio) following the manufacturerÕs procedures. Cycle sequencing reaction was performed using BigDye Terminator v.3.0 (Applied Biosystems Inc., Foster City, CA) and ABI Prism 3100 Hourly Emergence of Adult Gall Midges Derived From Two Different Gall Types. Several days before the emergence season commenced, fallen galled leaves were randomly collected from the forest ßoor on 13 April 2009. The leaves were divided into two categories (leaves with only upper gall type and those with only lower gall type) by removing galls induced either on the upper or lower surfaces. Leaves of each category were put into dark cardboard boxes (25 cm in height, 30 cm in width, 45 cm in diameter), which were placed on the forest ßoor and covered with cheesecloth to exclude direct sunshine. A transparent plastic tube (2 by 15 cm) was inserted in the topside of the box and the top end of the tube was covered with a mesh bag. Adults started to emerge on 18 April 2009. They were attracted toward the light and caught in the mesh bag. We recorded the number of adults emerging each hour every day during several days of the peak emergence season.
Collecting Adults. Swarming Adults. In total, 138 swarming males were caught by sweeping with an insect net over fallen leaves on the forest ßoor (Ϸ30 Ð 60 cm in height) and near lower branches of F. crenata with fresh leaves (Ϸ2.5 m in height). The males collected were examined to conÞrm if the swarm consisted of males derived from the two gall types.
Males Flying to Calling Females. In total, 134 males that ßew toward females in response to pheromonal calling were caught at random in the main census Þeld in 2008 and 2009. At the same time, 35 calling females were caught to determine if the males ßew to homogenic females.
Mating Pairs. In total, 251 mating pairs were randomly collected from the main census Þeld in 2007Ð 2009, and the site and time of collecting were recorded for each pair. Based on ITS2 DNA marker, we determined the relative frequency of homogenic and heterogenic mating combinations. We also examined whether mating occurred in different sites or at different times of a day for the two intraspeciÞc populations.
Ovipositing females. In total, 57 ovipositing females were collected and divided into two categories with regard to oviposition site; those laying eggs on the upper surface of leaves and those on the lower surface. Then, we identiÞed their genetic derivation from the two different gall types to determine whether females from different gall types selected the leaf position they emerged from as oviposition sites.
Evaluation of Sexual Isolation Between the Two Intraspecific Populations. To estimate the degree of sexual isolation between the two populations, the I PSI estimator proposed by Rolán-Alvarez and Caballero (2000) was calculated with JMATING software (Carvajal-Rodriguez and Rolán-Alvarez 2006) using the following equation:
where PSI (pair sexual isolation) is deÞned for each pair combination as the number of pair types observed. I PSI ranges from Ϫ1 (only heterogenic mating) to 1 (only homogenic mating) and 0 indicates random mating.
Mean bootstrap values, SDs, and two-tail probabilities were calculated by 100,000 bootstrapping pseudoreplications to test the null hypothesis of random mating (I PSI ϭ 0). Urbanelli and Porretta (2008) demonstrated that I PSI is a useful indicator of the degree of sexual isolation for natural populations.
Results

Identification of Larvae, Pupae, and Adults Derived
From Two Different Gall Types Based on DNA Sequencing Data. We found that the two gall types coexisted in the same F. crenata stand at 7 out of 16 localities surveyed (Fig. 3) . Sato and Yukawa (2004) showed differences between the two populations collected from one locality by the sequencing data of the COI region for 19 individuals. We found differences in the same COI region for an additional 24 H. faggalli individuals collected from 14 localities surveyed (Table 1). Based on the 19 previous and the 24 current sequence data, we found that the differences between the two gall types were 6 bp (2.3%) among 438 bp examined and only 1 of 146 amino acid residues differed between the two populations.
The difference was also conÞrmed by analyzing 428 bp of ITS2 region for 24 individuals of H. faggalli collected from 14 localities (Table 1 ). In the sequenced ITS2 region, we found variation at two substitution sites (0.47% of 428 bp), from T to A in one site and from G to A in another site, which were speciÞc to each gall type. This indicated that the site variation in the ITS2 region could be used as a DNA marker to distinguish the two populations. Based on these variations, we determined the derivation of all adults that were caught during the Þeld observations described below.
Gall Density and the Degree of Spatial Association. We found upper-type galls in 23 of the 25 localities surveyed and lower-type galls in 21 localities (Supp Material 1 [online only]). Two (8%) and 4 (16%) of the 25 localities lacked upper-and lower-type galls, respectively, but the degree of spatial association (␥) was 0.95963 (n ϭ 25), indicating that the two gall types are overlapping in their geographical distribution. Gall density expressed as the number of galls per 100 leaves varied among localities, ranging from 0 to 2419.6 (SD ϭ 559.2) for upper-type galls and 0.1 to 4676 (SD ϭ 1226.4) for lower-type galls. In the main census Þeld in Takizawa, Iwate Prefecture, we found 2,025 upper-and 6,079 lower-type galls on 130 fallen leaves collected from the forest ßoor of an F. crenata stand. The mean number of galls per 100 leaves was 1,558 and 4,676 for upper-and lower-type gall, respectively. In addition, we found 57 lower-type galls induced between lateral veins on the upper surface of leaf blades.
The degree of spatial association (␥) was 0.846 (n ϭ 130), 0.588 (n ϭ 31), and 0.751 (n ϭ 34) in Takizawa, Ojiya, and Tsunan, respectively, indicating that the two gall types have a sympatric rather than an allopatric distribution.
Hourly Emergence of H. faggalli. H. faggalli is a diurnal species. Adults emerged from pupae in the galls attached to fallen leaves on forest ßoors. Figure  4 shows hourly emergence patterns for adults of the two populations. The data for both sexes were summed because they emerged almost simultaneously. Under warm (Ͼ11ЊC at 8:00 Ð9:00 a.m.) and sunny conditions, emergence usually started at Ϸ7:00 a.m. and reached a peak between 9:00 and 10:00 a.m. Emergence lasted until 5:00 p.m., but the number of emerging adults decreased rapidly in the afternoon. Hourly emergence patterns overlapped between the two populations. Under unfavorable conditions, such as cold and cloudy or rainy days, the daily number of emerged adults was reduced to almost zero.
Swarming and Mating Behavior. Soon after emergence, males started swarming over fallen leaves on the forest ßoor (Ϸ30 Ð 60 cm in height) and a little later swarming of other males occurred around branches of the host tree with fresh leaves (Ϸ2.5 m high above the ground). Gall type population identiÞcation based on variation in the ITS2 region indicated that swarming both over the forest ßoor and near the host branches consisted of a mixture of males of the two populations. Thus, the two populations simultaneously used common sites for swarming. The relative abundance of upper to lower was 43:95, which reßected the density of the respective gall types at the main census Þeld, as described earlier.
Females usually initially rested on the fallen leaves and later walked around the leaves and on low-growing plants. Some females ßew from the fallen leaves and alighted on fresh leaves or old twigs of the host tree. To call males, females stopped walking and then protruded the ovipositor until males arrived. Male behavior indicated that females were emitting sex pheromones during this time as one or more males, sensing the presence of females, left the swarm and ßew to the females. Such responses of males to females and release of sex pheromones have been observed for various gall midges such as the Hessian ßy, Mayetiola destructor (Say) (McKay and Hatchett 1984) ; the sorghum midge, Stenodiplosis sorghicola (Coquillett) (Sharma and Vidyasagar 1992) ; and the orange wheat blossom midge, Sitodiplosis mosellana (Gé hin) (Pivnick 1993) . Mating took place without ceremony and usually lasted for at least 30 s. Females that had not been found by males moved to other locations and repeated the protrusion of the ovipositor.
Assortative Mating in Response to Calling. About 85% of the 39 males that were attracted to upper-gall population females were upper gall males, and Ϸ86% of the males attracted to lower-gall population females were homogenic males (Table 2) . Thus, attempts at heterogenic mating were signiÞcantly rare (chisquare test, 2 ϭ 0.617; df ϭ 1; P Ͻ0.0001). Evaluation of Sexual Isolation Between the Two Intraspecific Populations. Our results indicated a strong bias toward homogenic mating (I PSI ϭ 0.84; Table 2 ). In total, 251 mating pairs were caught in the main census Þeld during the period from 2007 to 2009 and 89.2Ð94.2% of them were homogenic. Using these data, we evaluated the degree of sexual isolation between the two populations at the time of mating. A signiÞcant deviation from random mating between the two populations was demonstrated (Table 2) . Mating Time and Sites. All combinations of mating pairs were observed more frequently from 8:00 to 10:00 a.m. than from 11:00 a.m. to 1:00 p.m., and no mating was observed after 1:00 p.m. Mating occurred on the leaves or twigs of F. crenata, on the undergrowth, including such species as Sasa nipponica Makino and Shibata (Poaceae), and on other substrates near the forest ßoor. Of the 53 mating pairs of upper type, 58, 40, and 2% were collected from host trees, undergrowth, and other substrates, respectively. Of the 160 mating pairs of lower type, 41, 43, and 16% were collected similarly. The relative abundance of mating pairs collected at different sites was not signiÞcantly different between the two populations (chisquare test with Yates correction, 2 ϭ 0.619; df ϭ 2; P ϭ 0.734). This result indicated that adults of the two populations used common sites for mating.
Oviposition Site Selection. Oviposition was observed from 10:30 a.m. to 4:00 p.m. All 27 females of the upper-gall population laid their eggs on the upper leaf surface (Table 3 ). In contrast, Ͼ80% of the 30 lowergall population females laid their eggs on the under leaf surface, but some of them selected the upper surface (Table 3) . Thus, oviposition site selection signiÞcantly differed between the two populations (Fisher exact test, P Ͻ 0.00001).
Galls Induced by the Progeny of Heterogenic Pairs. We found 57 lower-type galls lying between lateral veins of the upper leaf surfaces and collected larvae and pupae from these galls. Based on markers in the ITS2 region, they were all identiÞed as F1 progeny of heterogenic pairs (upper leaf population of females and lower leaf population of males). Thus, we conÞrmed that the F1 progeny of heterogenic pairs induced these galls. No upper-type galls were induced on lower leaf surfaces by the progeny of heterogenic pairs (lower leaf population females and upper leaf population males).
As mentioned earlier, we found 2,025 upper-and 6,079 lower-type galls on 130 fallen leaves collected from the main census Þeld (15.58 and 46.76 per leaf, respectively) . Therefore, the 57 F1 galls on 130 fallen leaves (0.44 per leaf) occurred at a much lower frequency than those induced by homogenic pairs.
Discussion
Our hypothesis was that the upper-and lower-type galls on F. crenata are not induced by two different species of gall midge, but by two intraspeciÞc populations of H. faggalli because of their morphological similarity and small molecular genetic variations (Sato and Yukawa 2004) . In addition, in this study, we found that both geographical and spatial distribution patterns signiÞcantly overlapped between the two populations and adult daily activities, such as emergence, swarming, mating, and oviposition, occurred in successive periods in a day. Each activity was observed almost simultaneously for the two populations at sites where they were common. Our evidence supports the hypothesis that two intraspeciÞc populations exist in H. faggalli.
Despite this physical and temporal overlap, the two populations were sexually isolated. At least 85% of 134 swarming males ßew to females of the same population when responding to female sex pheromone and Ϸ92% of 251 mating pairs caught in the Þeld were homogenic. I PSI showed a signiÞcant deviation from random mating between the two populations and no deviation from symmetry in the heterogenic combination (Table 2). Thus, from our observations, we conclude that the two populations are almost completely reproductively isolated by premating isolation mechanisms. Therefore, the two populations have possibly diversiÞed into the stage of sibling species accompanied by the development of gall dimorphism on different parts of a single host plant species, which implies speciation different from host race formation (e.g., Craig et al. 1993 , Cook et al. 2011 ) that ranges to different host plant species.
Genetic distance in COI region and ITS region has frequently been used as an indicator to distinguish intra-and interspeciÞc variations. For example, a slight difference, usually Ͻ3.5%, in the COI region, has been regarded as within the normal range of intraspeciÞc variation, as has been noted for many other gall midge species (e.g., Yukawa et al. 2003, Uechi et al. 2003, Uechi et al. 2004 , Tokuda et al. 2004 , Harris et al. 2006 , Ganaha et al. 2007 , Yukawa et al. 2009 , Yukawa et al. 2012 ). In the ITS2 region, interspeciÞc variation frequently exceed 3.5%, as has been noted for seven species of Phlebotomus (Diptera: Psychodidae) (Di Muccio et al. 2000) and some noncryptic species of Anopheles (Diptera: Culicidae) (e.g., Beebe et al. 1999) . Between the two populations of H. faggalli, we also recognized slight variations in the COI region (2.3%) and at two substitution sites in the ITS region (0.47%), which were included in the range of intraspeciÞc variation. However, the differences were Þxed and sexual isolation was evident. The slight difference in the sequence data indicates a possible recent diversiÞcation of the two populations into the stage of sibling species. The presence of rare heterogenic pairs and progeny suggests that the postmating isolation barrier has not been completed yet.
These data suggest that the female sex pheromone and male sensitivity to the pheromone differs between the two populations. The ratio and stereochemistry of pheromone compounds may be of importance in the sexual isolation between the two populations of H. faggalli, as has been noted for Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae) (Hillbur et al. 2005) .
In addition, it is remarkable that oviposition site selection signiÞcantly differed between the two populations because species diversiÞcation has been known to involve shift between different plant organs of the same host plant species (e.g., Condon and Steck 1997 , Despré s et al. 2002 , Joy and Cresipi 2007 . Therefore, oviposition site selection by the two populations will possibly facilitate their diversiÞcation. Oviposition site selection by females may be related to different volatiles released from different plant parts and female sensitivity to the volatiles may diversify during the course of speciation. We need further investigation to assess this possibility.
Association of gall midge congeners with a particular host plant genus has been noted in many instances (e.g., Yukawa et al. 2005 , Gagné 2010 ); for example, 56 species of the genus Caryomyia on Carya (Juglandaceae) (Gagné 2008) , 23 of Celticecis on Celtis (Cannabaceae) (Gagné and Moser 2013) , 15 of Procontarinia on Mangifera (Anacardiaceae), 26 of Psectrosema on Tamarix (Tamaricaceae), and 80 of Rabdophaga on Salix (Salicaceae) (Gagné 2010) . These examples indicate that a group of gall midges has diversiÞed on a particular host plant genus, using different ovipositing and galling sites and exhibiting different gall shapes. Most of these gall midges can be identiÞed to the species level based on the host plant information, galling position, and gall shape, although they are morphologically similar to each other. The diversiÞcation process of the two populations of H. faggalli Þts well with these examples, being possibly accompanied by changes in sensitivity to pheromones and plant volatiles, which resulted in gall dimorphism on different plant parts.
We cannot yet evaluate whether there is adaptive signiÞcance to the variation in gall morphology and galling site because the relationship between microenvironmental variation and mortality factors that regulated population density in each gall type population has not yet been analyzed. However, we hypothesize that there are advantages in occupying galls that are exposed to sunlight. Out of the 36 known cecidomyiid galls on Fagus species in the Palearctic Region, 33 (91.67%) are induced on the upper surface of leaves Masuda 1996, Docters van Leeuwen 2009 ). This circumstantial evidence suggests that the upper type gall may be the ancestral condition. In contrast, we have found a few lower-type galls lying between veins of both upper and lower leaf surfaces of Fagus lucida (Rehder & E. H. Wilson) in Shunhuangshan, Hunan Province and in Shengnonjia Forestry Area, Hubei Province, China, whereas uppertype galls standing on the leaf veins were not detected on these occasions (S. S. and J. Y., unpublished data; M. M., S. S., J. Y., and Z. Chen, unpublished data). To determine the ancestral condition by constructing a phylogenetic tree, we need to survey the Eurasian continent more extensively to detect undescribed Hartigiola species and to gather further information on their morphology, gall shape, galling position, and molecular data.
